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Abstract: The “Small-Diameter TBM Pilot Tunnel + Drill-and-Blast Expansion” method is a key 

excavation approach for long tunnels, combining the advantages of TBM and drill-and-blast methods to 

enable rapid and efficient construction. However, the understanding of surrounding rock damage caused by 

this method remains limited. This study combines field experiments and numerical simulations to analyze 

surrounding rock damage during drill-and-blast expansion and investigates the effects of in-situ stress 

factors, such as tunnel burial depth and lateral pressure coefficient. Results show that excavation 

advancement is closely linked to the ratio of advancement between full-face drill-and-blast and TBM 

methods. When both methods achieve double the advancement of full-face drill-and-blast, significant time-

saving advantages are evident. Surrounding rock damage is positively correlated with burial depth, with 

deeper tunnels shifting failure modes from compressive-shear to tensile-shear composite failure, increasing 

tensile cracks. In shallow tunnels (burial depth < 450 m), drill-and-blast expansion reduces rock damage by 

approximately 10% compared to full-face drill-and-blast, but this effect weakens with depth. Lateral 

pressure coefficient impacts damage nonlinearly, with high values leading to extensive tensile cracks near 

sidewalls. Regression analysis reveals normalized contribution rates of 61.2% for burial depth and 38.8% 

for lateral pressure coefficient. These findings offer theoretical support for applying this method in long 

tunnel construction. 

Keywords: Drilling and blasting expansion; TBM pilot in advance; Blast-induced damage; Tunnel depth; 

Pilot tunnel diameter; Sensitivity analysis 
 

 

1. Introduction 

Drill-and-blast and Tunnel Boring Machine (TBM) methods are currently the two most commonly 

employed techniques for tunnel excavation. The selection of an appropriate excavation method primarily 

depends on the specific characteristics of the project and the geological conditions of the surrounding rock 

mass [1, 2]. The drill-and-blast method is characterized by its strong adaptability and construction flexibility; 

however, it is associated with slower excavation speeds, numerous operational steps, challenges in controlling 

over-excavation and under-excavation, and significant disturbance to the surrounding rock [3]. In contrast, 

the TBM method offers advantages such as high excavation speed and minimal disturbance to the rock mass. 

However, it has stringent requirements for geological conditions and is generally not recommended in poor 

geological zones, such as areas prone to rockbursts, water inflow, or karst development [4]. Furthermore, 

TBMs typically produce circular tunnel cross-sections. For large or extra-large cross-section traffic tunnels, 

using TBM excavation can result in significant space wastage and technical challenges. Currently, TBMs 

with diameters ranging from 3 to 6 meters are commonly used. As the excavation diameter increases, the 

efficiency of TBM tunneling decreases significantly [5–7] 
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   Fig. 1. Statistical chart of TBM diameter   Fig. 2. Comparison of advance rate performance 

    usage frequency 
 

The “Small-Diameter TBM Pilot Tunnel + Drill-and-Blast Enlargement” method is an important 

combined excavation approach in tunneling, leveraging the advantages of both the TBM and drill-and-blast 

methods [8, 9]. This approach is particularly suitable for constructing large cross-section tunnels under 

challenging geological conditions, such as fault zones, collapses, or large deformation in weak rock masses. 

The method involves initially excavating a pilot tunnel with a small-diameter TBM, followed by enlarging the 

tunnel to the designed profile using the drill-and-blast technique. As early as the 1980s, Italy pioneered the use 

of TBMs with diameters of 3.5–5 m to design and construct large-scale highway, railway, metro, and hydraulic 

tunnels. According to incomplete statistics, over 100 large cross-section tunnels worldwide have been 

constructed using this method since 1982. In Asia, countries such as Japan and South Korea have also 

implemented numerous projects employing the TBM pilot tunnel and drill-and-blast enlargement method. 

Table 1 summarizes representative tunnel projects constructed using the small-diameter TBM pilot tunnel and 

enlargement approach [10, 11]. 
 

Table 1. Tunnel projects using the small-diameter TBM pilot tunnel and enlargement method 

Tunnel Name Country Diameter of 

pilot tunnel 

(m) 

Tunnel cross-section 

size  

(m2) 

Length  

(km) 

Year of 

Completion 

Strada Statale 36 Italy 3.5 90  1987 

Frasnadello Tunnel and 

Antea Tunnel 
Italy 3.9 110 2.4 1996-1997 

New Tomei-Meishin 

Expressway 
Japan 5 190  Before 2003 

Mappo-Morettina Road 

Tunnel 
Switzerland 4.5 91.61 5.518 1996 

Mount Macdonald 

Tunnel 
Canada 6.7  14.66 1988 

Num-sum Korea 4.5  1.03 1991 
 

The “Small-Diameter TBM Pilot Tunnel + Drill-and-Blast Enlargement” method provides a free surface 

for subsequent drill-and-blast operations, effectively reducing blasting-induced vibration effects. 

Theoretically, this excavation approach can increase the single-cycle advance rate of the drill-and-blast 

method, thereby significantly improving blasting efficiency. Additionally, the pilot tunnel facilitates the 

investigation of geological conditions ahead of the excavation, enhancing the overall safety of tunnel 

construction. However, the increased blasting advance rate implies a larger charge per cycle, which may 

result in greater blasting- induced damage to the remaining rock mass. In general, transient unloading effects 

during blasting play a significant role in causing rock mass damage, which is largely influenced by the in-

situ stress environment. Whether the excavation of the pilot tunnel affects these transient unloading effects 

remains an open question requiring further investigation. This study aims to address these issues by 

combining field experiments with discrete element numerical simulations to analyze the impact of this 

method on rock mass stability and excavation performance. By focusing on micro-crack propagation and 

macroscopic failure mechanisms, this research seeks to provide scientific evidence and theoretical support for 

the application of the “Small-Diameter TBM Pilot Tunnel + Drill-and-Blast Enlargement” method in 

engineering projects. 
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2. Field experiments 

 

2.1. Overview of field experiments sites 

The field experiments were conducted at a pumped storage power station in Zhejiang Province, China, 

with a total installed capacity of 1200 MW, consisting of four units, each with a capacity of 300 MW. The 

project comprises key structures such as an upper reservoir, a lower reservoir, a water conveyance system, an 

underground powerhouse complex, and a surface switchyard. The access tunnel to the underground 

powerhouse, approximately 1913.516 km in length, serves as the primary construction and transportation 

passage for the powerhouse excavation during the construction phase. In the operational phase, it functions as 

a critical passage for traffic, ventilation, and emergency evacuation, making it a vital component of the 

underground excavation process. To evaluate the applicability of the “Small-Diameter TBM Pilot Tunnel + 

Drill-and-Blast Enlargement” method, a combined construction approach was implemented in the access 

tunnel, involving a small-diameter TBM (ϕ3.53 m) for pilot excavation followed by drill-and-blast 

enlargement. Other caverns in the project were excavated using the full-face drill-and-blast method. For 

comparison, the 2# construction branch tunnel, which is located near the access tunnel and shares similar 

surrounding rock properties, was selected. The 2# branch tunnel was entirely excavated using the full-face 

drill-and-blast method. The location and excavation details of the access tunnel are shown in Fig. 3. 
 

 
Fig. 3. On-site photos of the test site 

 

The designed cross-sectional dimensions of the access tunnel are 8.0 × 8.3 m. Fig. 4 illustrates the blast 

network design for the pilot tunnel enlargement in the access tunnel. The blast hole diameter is 42 mm, with a 

drilling depth of 5.0 m and a single excavation advance of 4.5 - 5.0 m. The explosive used is No. 2 emulsion 

rock explosive with a diameter of 32 mm. To control blasting-induced vibrations, millisecond delay blasting 

technology is employed, with a delay time of 50 ms between adjacent segments. The blasting process is divided 

into seven segments (M1~M13). 
 

 
Fig. 4. Blasting network design diagram 
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2.2. Comparison of construction durations for different excavation methods 

In the “Small-Diameter TBM Pilot Tunnel + Drill-and-Blast Enlargement” method, the free surface 

created by the pilot tunnel eliminates the need for cut blasting during the enlargement process, thereby 

providing the potential to increase the excavation advance rate. Theoretically, the excavation speed of drill- 

and-blast enlargement under free surface conditions can be significantly higher than that of the full-face drill- 

and-blast method. This necessitates the design of a rational advance rate for drill-and-blast enlargement based 

on site-specific conditions to fully leverage the construction schedule advantages of the combined TBM pilot 

tunnel and drill-and-blast method. To determine the optimal advance rate for drill-and-blast enlargement, this 

study begins with a theoretical analysis. 

Assuming the total tunnel excavation length is L, the excavation speed of the full-face drill-and-blast 

method is Vf, the excavation speed of the drill-and-blast enlargement method is Vpd, and the excavation speed of 

the TBM (considering installation and maintenance) is VTBM, the construction durations for the full-face drill-

and-blast method and the TBM pilot tunnel with drill-and-blast enlargement method are as follows: 
 

 𝑇𝑓 = 𝐿
𝑉𝑓

⁄           (1) 

 

 𝑇𝑝 = 𝑇𝑝𝑑 + 𝑇𝑇𝐵𝑀 = 𝐿
𝑉𝑝𝑑

⁄ + 𝐿
𝑉𝑇𝐵𝑀

⁄        (2) 

 

where, Tf represents the construction duration for the full-face drill-and-blast method; Tp denotes the 

construction duration for the TBM pilot tunnel combined with drill-and-blast enlargement; Tpd is the 

construction duration for the drill-and-blast enlargement; and TTBM refers to the construction duration for the 

TBM pilot tunnel excavation. 

The condition for the TBM pilot tunnel with drill-and-blast enlargement method to have a shorter 

construction duration than the full-section drill-and-blast method is Tp<Tf, which can be expressed as: 
 

pd TBM

f

pd TBM

V V
V

V V





          (3) 

 

In general, when the cross-sectional area of the designed tunnel excavation remains constant, the 

construction duration for the full-face drill-and-blast method can be estimated based on engineering 

experience. Assuming Vf is known, the relationship between Vpd and VTBM can be expressed as: 
 

f TBM f
pd

TBM f

V V V
V

V V 1 ζ


 

 
, ζ   (0,1]       (4) 

 

where, f

TBM

V
ζ

V
  

As shown in equation (4), the excavation advance rate of the drill-and-blast enlargement method depends 

on the ratio  between the excavation advance rates of the full-face drill-and-blast method and the TBM 

method. When  approaches 0, the required excavation advance rate for the drill-and-blast enlargement 

decreases; conversely, as it approaches 1, the required advance rate increases. If the excavation advance rate 

of the full-face drill-and-blast method is half that of the TBM method, the time-saving advantage of the TBM 

pilot tunnel with drill-and-blast enlargement method can only be realized when the advance rate of the drill- 

and-blast enlargement is at least twice that of the full-face drill-and-blast method. 

Based on a one-month field study, the average excavation advance rate of the 2# construction branch 

tunnel was approximately 3–3.5 m per blast, while the average excavation advance rate of the test tunnel 

(access tunnel) was about 4.5–5.0 m per blast. Due to the operational constraints of the drill-and-blast method, 

such as post-blast ventilation and mucking, and considering the favorable rock mass integrity and stability 

revealed during excavation (classified as II-grade rock), the occurrence of re-drilling and re-blasting was 

minimal. Both tunnel sections achieved an actual blasting frequency of 2 blasts per day. Consequently, the 

daily excavation advance rate for the full-face drill-and-blast method was approximately 6–7 m/day, while the 

daily excavation advance rate for the drill-and-blast enlargement method reached 9–10 m/day. 

Due to time constraints during on-site construction, the complete excavation duration of the TBM pilot 

tunnel could not be tracked, and its excavation advance data was not directly obtained. Therefore, the TBM 

excavation efficiency was estimated based on literature data. According to Farrokh [7], the excavation rate of 

a TBM is closely related to its diameter and the stress environment of the tunnel. Under the average stress level 
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of approximately 10 MPa in the access tunnel, the theoretical excavation speed of the TBM is estimated to be 

2.2 m/h. However, factors such as equipment maintenance, support operations, crew shifts, and delays in muck 

transportation result in non-working time accounting for 70%–80% of the total construction period, leaving 

the actual TBM utilization rate at only 20%–30% [12]. Based on these considerations, the actual excavation 

speed of the TBM is calculated to be approximately 0.44–0.66 m/h, translating to a daily excavation advance 

rate of 10.56–15.84 m/day. 

Under ideal construction conditions (i.e., an excavation advance rate of 7 m/day for the full-face drill- 

and-blast method and 15.84 m/day for the TBM pilot tunnel), calculations based on equation (4) indicate that 

the time-saving advantage of the TBM pilot tunnel + drill-and-blast enlargement method can only be realized 

if the excavation advance rate of the drill-and-blast enlargement method reaches approximately 12.5 m/day. If 

other conditions remain unchanged, to ensure the time efficiency of this method, the single-blast excavation 

advance rate for the enlargement process must reach 6 m or more. This indicates that, under the current 

excavation advance rate conditions, the time-saving advantage of the TBM pilot tunnel combined with the 

drill-and-blast enlargement method has not been effectively realized at the experimental site. 

 

2.3. Field tests on rock damage from blasting enlargement 

The previous analysis indicates that the current blasting excavation advance rate for TBM pilot tunnel + 

drill-and-blast enlargement does not meet the theoretical requirements, resulting in the method’s time-saving 

advantage not being realized. To address this, increasing the excavation advance rate is necessary. However, 

increasing the advance rate may potentially expand the damage zone around the rock mass. Therefore, field 

tests on rock mass damage caused by TBM pilot tunnel + drill-and-blast enlargement are essential. A single- 

borehole acoustic monitoring test for blasting enlargement was conducted at the JC0+600 section. The layout 

of the acoustic boreholes is shown in Fig. 4, with a total of four symmetrically distributed test boreholes. The 

upper layer includes two boreholes (Borehole 1# and Borehole 3#), each with a depth of 15.5 m, while the 

lower layer includes two boreholes (Borehole 2# and Borehole 4#), each with a depth of 16.0 m. During the 

tests, the acoustic transducer was gradually moved from the bottom of each borehole toward the borehole 

opening, with measurements taken at intervals of 0.25 m. This ensured high-resolution monitoring of the 

damage characteristics around the boreholes. 
 

  
Fig. 5. Schematic diagram of acoustic borehole layout  Fig. 6. Field acoustic wave testing 
 

The degree of volumetric damage D can be expressed in terms of the relationship between wave velocities 

before and after blasting [13]: 
 

2

2
0 0

CED 1 1
E C

            (5) 

 

where, E0 represents the initial elastic modulus of the rock mass before blasting; E represents the elastic 

modulus of the rock mass after blasting; C0 and C denote the longitudinal wave velocities of the rock mass 

before and after blasting, respectively. 

When acoustic testing is employed, the post-blast wave velocity C at the same location is lower than the 

pre-blast wave velocity C0, and the rate of change η can be expressed as: 

0

Cη 1 100%
C

 
   
 

         (6) 
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Substituting equation (6) into equation (5), the relationship between the rock mass damage degree D and 

the wave velocity change rate η can be expressed as: 
 

 
2

D 1 1 η             (7) 
 

When using the acoustic testing method to assess blasting damage or the quality of rock mass 

excavation, the evaluation criteria should adhere to the following provisions: when η ≤ 10%, the rock mass is 

undamaged or exhibits negligible damage; when 10% < η ≤ 15%, the rock mass experiences minor damage; 

and when η > 15%, the rock mass is considered damaged. If η > 10%, the rock mass is determined to have 

sustained blasting- induced damage, corresponding to a rock mass damage threshold of Dcr = 0.19. 

To more clearly reflect the impact of blasting enlargement on the surrounding rock, the wave velocity 

change rate η defined by equation (6) was used to evaluate the effect of blasting enlargement on the 

surrounding rock. The results are shown in Fig. 7. As the rock mass excavation thickness is approximately 2.24 

m, by analyzing the wave velocity change rate before and after blasting enlargement, the damage depths of the 

surrounding rock were determined as follows: approximately 1.25 m at Borehole 1#, 1.5 m at Borehole 2#, and 

1.0 m at Borehole 4#. The results for Borehole 3# were deemed unreliable due to borehole collapse. 
 

 

 
 

Fig. 7. Wave velocity change rates before and after blasting for each acoustic borehole 
 

Based on the above analysis, the monitoring results of the rock mass damage range caused by TBM pilot 

tunnel and drill-and-blast enlargement are summarized in Table 2. 
 

Table 2. Rock mass damage depths around each acoustic borehole during drill-and-blast enlargement 

Monitoring Sites Damage depth of surrounding rock (m) Remark 

1# acoustic hole 1.25 
Borehole 3# experienced collapse, 

and its results are not considered 

reliable 

2# acoustic hole 1.5 

3# acoustic hole -- 

4# acoustic hole 1.0 
 

3. Numerical simulation method and parameter calibration 

Field monitoring experiments provided a direct understanding of the blasting damage effects during pilot 

tunnel expansion. However, due to limitations of field conditions, it is not possible to conduct experiments 

addressing the damage characteristics of surrounding rock under multiple factors. Additionally, field tests can 

only reflect the macroscopic effects of surrounding rock damage, making it difficult to capture the micro-

crack propagation process and failure mechanisms during blasting expansion. Therefore, this study employs 

numerical simulation to conduct an in-depth investigation into the damage process of surrounding rock during 

drilling and blasting expansion under pilot tunnel conditions. 
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3.1. Numerical simulation method and parameter calibration 

The UDEC-GBM method effectively models particle interactions, capturing essential rock mass properties 

such as Poisson’s ratio, the tensile-to-compressive strength ratio, and interparticle interlocking [14, 15]. To 

calibrate the mesoscopic parameters, Si et al. identified a 3m × 6m model with a block size of 0.3m as the 

representative elementary volume (REV). Based on this, the block size in this study is adjusted to 0.5m, scaling 

the REV to 5m × 10m. To ensure quasi-static conditions, the loading rate is set at 0.05 m/s. The blocks follow 

elastic constitutive behavior, while contact interactions are governed by the Coulomb slip model. 

Fig. 8 shows the stress-strain curve from uniaxial compression tests on the REV model. The calibrated 

elastic modulus and uniaxial compressive strength of the rock mass are 62.2 GPa and 250.5 MPa, respectively, 

with errors of 5.3% and 1.9%, both within acceptable limits. The mechanical parameters are summarized in 

Table 3, and the macroscopic properties of the model are listed in Table 4. 
 

 
Fig. 8. Uniaxial Compression Stress-Strain Curve under REV Conditions  

 

Table 3. Calibration results of micromechanical parameters for rock mass 

Rock mass Properties Target value Calibrated Error (%) Contacts Properties Calibrated 

Young's modulus/GPa 65.7 62.2 5.3 Normal stiffness/GPa·m-1 5500 

UCS/MPa 245.9 250.5 1.9 Shear stiffness/GPa·m-1 4000 
 

Table 4.  Macroscopic mechanical parameters of the model 

Density 

(kg/m3) 

Compressive 

strength 

(MPa) 

Tensile 

strength 

(MPa) 

Elastic  

modulus E 

(GPa) 

Poisson’s 

Ratio u 

Friction angle 

tgj 

Cohesion 

(MPa) 

2630 250.5 2.0 62.2 0.17 1.0 2.0 
 

To perform numerical simulations of blasting damage, the blasting impact load model must first be 

determined based on the characteristics of the blasting load. For segmented charges or decoupled charge 

structures, the detonation pressure PW is calculated using [16]: 
 

 
 

2γ γ2

e d b b
W

e e

ρV d l
P n

d l2 γ 1

 

   
           

       (8) 

 

where, ρe is the explosive density, Vd is the detonation velocity, γ is the adiabatic exponent of the gaseous 

explosion products. Other parameters include the borehole diameter db, explosive charge diameter de, borehole 

charge segment length lb, total explosive length le, and the amplification factor n [17]. 

According to blast cavity expansion theory, the peak pressure P0 at the crushed zone boundary, 

representing the triangular blasting load’s peak, is given by: 
 

 

3

0 W

1
P P

d

 
  

 
          (9) 

where, d is the ratio of the crushed zone radius to the explosive charge radius, typically taken as 2 to 3. 
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The loading method adopts the equivalent load approach proposed by Lu et al. [18, 19]. In this method, 

the equivalent load is applied to the plane defined by the borehole centerline and axis, with its effective range 

corresponding to the length of the explosive charge segment. The magnitude of the equivalent load is 

calculated as: 

 b
e 0

d
P P

a

 
   
 

          (10) 

where, a is the distance between adjacent borehole centerlines. 

In this study, equivalent blasting loads are uniformly distributed as nodal pressures along the excavation 

contour, oriented perpendicular to the contour. Explosive and blasting parameters are listed in Table 5. The 

time-history curve of the triangular blasting load is illustrated in Fig. 9. The pressure rise time t1 is set to 

100μs, and the positive pressure duration t2 is 600μs. 
 

Table 5. Explosive and blasting parameters 

Explosive density ρe 

(kg/m³) 

Detonation velocity Vd 

(m/s) 

Borehole diameter db 

(mm) 

Charge diameter de 

(mm) 

1150 4400 42 32 

Segmented charge length lb  

(m) 

Charge length le 

(m) 

Centerline distance a 

(m) 

Equivalent load Pe 

(MPa) 

2.4 0.9 0.5 15.60 
 

 
Fig. 9. Blasting load time-history curve 

 

Rayleigh damping is utilized in this study’s dynamic calculations [20]. In UDEC, its implementation 

requires defining the minimum central frequency fmin and the minimum critical damping ratio ξmin [21]. The 

value of fmin is determined through undamped dynamic simulations, where the time-history velocity near the 

tunnel sidewall is analyzed, as shown in Fig. 10. A Fourier transform of this velocity yields the power spectrum 

as shown in Fig. 11, from which is identified as approximately 177 Hz. For rock materials, ξmin typically ranges 

from 2% to 5%, with 5% selected in this study [22]. 
 

       
Fig. 10. Velocity time-history curve      Fig. 11. Velocity time-history power spectrum 
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3.2. Validation of calculation results 

Under the combined effects of excavation unloading and blasting impact, stress near the tunnel’s free 

surface is released, generating tensile and shear stress zones. When these stresses exceed the surrounding 

rock’s tensile and shear strength, significant micro-crack propagation occurs. Fig. 12 compares the numerical 

simulation results with field measurements of blasting damage, focusing on micro-crack propagation induced 

by excavation unloading and blasting loads. The simulated blasting damage depth is 1.75m, closely aligning 

with the field-measured depth of 1.5m obtained through single-borehole acoustic monitoring. This agreement 

demonstrates the feasibility of using micro-crack propagation as a method to characterize the damage zone 

depth. 

 
Fig. 12. Comparison of field measurements and numerical simulation results 

 

The cumulative damage process of the model under blasting loads is represented by the ratio of the length 

of failed contacts to the total contact length within the model [23, 24]. Its specific definition is as follows: 
 

 t s
c

c

L L
D ,

L


    t

t

c

L
D ,

L
  s

s

c

L
D

L
       (11) 

 

where, Dc, Dt and Ds represent the total damage degree, tensile damage degree, and shear damage degree, 

respectively; Lc, Lt and Ls denote the total failed contact length, tensile failed contact length, and shear failed 

contact length, respectively. 

By implementing the damage degree defined in equation (11) using a FISH function in UDEC, the 

corresponding program can be developed and invoked to obtain the variation curves of each damage degree 

over calculation time, as shown in Fig. 13. The results indicate that tensile failure (Ten-F), shear failure (She- 

F), and total damage (Tot-F) all increase with computation time. When the computation time reaches 

approximately 4ms, the damage degree ceases to change, indicating that the explosive stress wave no longer 

induces further damage to the surrounding rock. Throughout the process of explosive stress wave action, the 

proportion of shear failure is significantly higher than that of tensile failure. This observation aligns with the 

findings of Wang et al. [24] and Gao et al. [25]. 
 

 
Fig. 13. The evolution process of damage level with mechanical time 
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4. Numerical simulation of rock mass damage effects 

 

4.1. Influence of burial depth 

The in-situ stress levels were set at 0.125F, 0.25F, 0.5F, F, 2F and 3F, where F represents the vertical 

stress at a burial depth of 450 m, with a lateral pressure coefficient of 1.6. The distribution of micro-cracks in 

the surrounding rock during tunnel excavation and the induced macroscopic failure were analyzed, as shown 

in Fig. 14. The calculation results indicate that with increasing burial depth, the number of cracks in the 

surrounding rock increases significantly, the affected range expands, and the damage depth deepens 

progressively. After blasting enlargement, the cracks around the tunnel are predominantly shear cracks. Under 

the combined effects of excavation unloading and blasting loads, micro-cracks mainly distribute and 

propagate along the direction of the maximum principal stress. 

As the in-situ stress level increases, micro-cracks gradually extend and coalesce, with the proportion of 

tensile cracks increasing significantly. Compared to shear failure, the lower tensile strength of the rock leads 

to weaker resistance against tensile stress, making tensile cracks the primary factor controlling the macroscopic 

failure of the surrounding rock. During the blasting enlargement process, the combined effects of unloading 

and impact loads cause tensile micro-cracks near the tunnel to expand and coalesce, forming macroscopic 

tensile cracks. These cracks further extend and coalesce, eventually evolving into tensile failure. The 

comparative analysis of micro-crack distribution shows that the macroscopic failure of the surrounding rock 

coincides with the distribution area of interconnected tensile cracks. Tensile failure predominantly occurs at 

burial depths of 900 m and 1350 m, while no macroscopic tensile failure is observed at shallow depths. 

These findings demonstrate that in-situ stress levels significantly enhance the tensile failure effects of 

drill-and-blast enlargement on the surrounding rock. With increasing in-situ stress levels, the tensile failure 

on both sides of the tunnel walls becomes more pronounced, requiring careful consideration in construction 

design. 
 

 

 

 

Fig. 14. Conditions calculation results of blast-induced crack damage zones under different in-situ stress 

levels (burial depths) with pilot tunnel conditions: a) Burial depth = 56.25 m, b) Burial depth = 112.5 m,  

c) Burial depth = 225 m, d) Burial depth = 450 m, e) Burial depth = 900 m, f) Burial depth = 1350 m 
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Fig. 15 presents the statistical results of damage forms under various in-situ stress conditions. It can be 

observed that with increasing in-situ stress levels, the total damage degree, shear damage degree, and tensile 

damage degree all increase to varying extents. However, the rate of increase in damage levels gradually 

diminishes as the in-situ stress levels continue to rise. Additionally, the proportion of tensile damage steadily 

increases, which is consistent with the results of the micro-crack distribution analysis. 

 

 
Fig. 15. Statistical analysis of damage degree under different in-situ stress levels (burial depths) 

 

Fig. 16 shows the calculation results of the blasting-induced crack damage zone under full-face drill- and-

blast excavation conditions. It can be observed that the microcrack propagation patterns around the tunnel 

under full-face drill-and-blast excavation are similar to those under TBM pilot tunneling and subsequent 

enlargement, despite differences in in-situ stress levels. With increasing burial depth, rock mass damage is 

characterized by an expansion of the crack range, an increase in crack density, and a significant rise in the 

proportion of tensile cracks. 

 

      

 
Fig. 16. Calculation results of blast-induced crack damage zones under full-face drilling and blasting 

expansion at different in-situ stress levels (burial depths): a) Burial depth = 56.25m b) Burial depth = 112.5m 

c) Burial depth = 225m, d) Burial depth = 450m, e) Burial depth = 900m, f) Burial depth = 1350m 
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From the perspective of macroscopic failure, the full-face drill-and-blast method exhibits minor 

macroscopic cracks induced by interconnected tensile cracks in the lower right portion of the tunnel floor at a 

burial depth of 450m. This indicates that, compared to the TBM pilot tunnel with drill-and-blast enlargement, 

the transient unloading effect of the full-section drill-and-blast method is more intense. 

Fig. 17 presents the statistical results of damage degrees. It shows that at shallow burial depths (450m 

and below), the surrounding rock damage is predominantly governed by shear cracks. As the burial depth 

increases, particularly beyond 450m, the proportion of tensile cracks increases significantly. However, shear 

cracks remain the primary factor in controlling rock mass damage. 
 

 
Fig. 17 Statistical analysis of damage degree under different in-situ stress levels (burial depths) 

 

Fig. 18 illustrates the relationship between burial depth and surrounding rock damage degree for full-face 

blasting excavation and the TBM pilot tunnel method. With burial depth increasing from 56.25m to 1350m, 

the damage degree rises significantly, highlighting burial depth as a key factor in rock damage during blasting 

excavation. Under shallow burial conditions (burial depth < 450m), the damage degree for full-face blasting 

is higher than for the TBM pilot tunnel method, demonstrating the latter’s better control of surrounding rock 

damage. However, as burial depth increases, this advantage diminishes, with only a 1% improvement at 

1350m. The results emphasize the effectiveness of the TBM pilot tunnel method in mitigating rock damage 

at shallow burial depths, though its advantages decrease with increasing depth. 

 

Fig. 18. Comparison of damage degree 

 

4.2. Influence of lateral pressure coefficient 

Fig. 19 illustrates the crack distribution and failure characteristics of the surrounding rock during TBM 

pilot tunnel drill-and-blast expansion under different lateral pressure coefficients. As the lateral pressure 

coefficient increases from 0.5 to 2.5, significant changes occur in the crack distribution and failure modes of 

the surrounding rock. Under low lateral pressure coefficient conditions (0.5 to 1.0), micro-cracks around the 

tunnel are predominantly shear cracks, with fewer tensile cracks. In contrast, under high lateral pressure 

coefficients (1.6 to 2.5), the tensile stress on both sides of the sidewalls increases significantly, leading to a 

substantial increase in the number of tensile cracks, which gradually connect to form through-going tensile 

failure zones. Simultaneously, tensile cracks at the tunnel crown and invert also become more pronounced. 
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Notably, when the lateral pressure coefficient reaches 2.0 and 2.5, the through-going tensile cracks near the 

sidewalls and tunnel invert induce large-scale macroscopic tensile failure. Regarding crack distribution, at a 

lateral pressure coefficient of 0.5, the cracks are more dispersed and primarily concentrated on the left and 

right sides, consistent with results reported in the literature [26]. As the lateral pressure coefficient increases, 

the cracks progressively cluster and extend deeper into the surrounding rock, a phenomenon particularly 

evident in the tunnel floor region. This indicates that as the lateral pressure coefficient increases, the damage 

mechanism of the surrounding rock transitions from shear failure to tensile failure, with a tendency to extend 

deeper into the rock mass. Additionally, under high lateral pressure coefficients, tensile failure in the sidewall 

regions becomes particularly prominent 

 

     

     
Fig. 19. Conditions calculation results of blast-induced crack damage zones under different lateral pressure 

coefficients: with pilot tunnel conditions. a) Lateral Pressure Coefficient = 0.5;  

b) Lateral Pressure Coefficient = 0.75; c) Lateral Pressure Coefficient = 1.0; d) Lateral Pressure Coefficient = 1.6; 

e) Lateral Pressure Coefficient = 2.0; f) Lateral Pressure Coefficient = 2.5 

 

Fig. 20 presents the statistical results of surrounding rock damage under different lateral pressure 

coefficients. As shown in the figure, with the lateral pressure coefficient increasing from 0.5 to 2.5, the total 

damage (Tot-F), shear damage (She-F), and tensile damage (Ten-F) exhibit a trend of initially decreasing 

gradually and then rising rapidly. The surrounding rock damage reaches its minimum value when the lateral 

pressure coefficient is around 0.75. However, when the lateral pressure coefficient exceeds 1, especially 

beyond 2, the damage level increases significantly. At lower lateral pressure coefficients (0.5 to 1.0), the 

damage to the surrounding rock is predominantly shear damage, with a relatively small proportion of tensile 

damage. As the lateral pressure coefficient increases further (1.6 to 2.5), the proportion of tensile damage rises 

markedly, indicating a transition in the failure mode of the surrounding rock from shear-dominated to a tensile- 

shear composite failure. Notably, at a lateral pressure coefficient of 2.5, the proportion of tensile damage 

reaches approximately 30%, with tensile damage effects becoming more prominent in sidewalls and other 

critical areas. Moreover, the trend of total damage growth aligns with the changes in both shear and tensile 

damage, highlighting the significant impact of increasing lateral pressure coefficients on the overall damage 

to the surrounding rock [27]. 
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Fig. 20. Statistical analysis of damage degree under different lateral pressure coefficient 

 

4.3. Discussion of results 

The direction of the principal stress plays a dominant role in the initial spatial distribution of damage 

during blasting excavation. The stress release and redistribution caused by excavation unloading lead to 

instantaneous stress changes around the tunnel. The rapid release of radial stress results in the formation of 

tensile stress zones near the tunnel boundary, accompanied by the emergence of a small number of tensile 

cracks, which are primarily distributed along the direction of the principal stress. As the in-situ stress level 

increases, tensile cracks near the sidewalls of the tunnel gradually extend and coalesce, forming macroscopic 

tensile failure. This indicates that the structural stress, represented by the lateral pressure coefficient, and the 

in-situ stress significantly influence tensile failure in the surrounding rock during blasting expansion. 

Following blasting expansion, the number of shear cracks is substantially greater than that of tensile 

cracks. Shear cracks are distributed more deeply near the left and right sidewalls and the floor of the tunnel, 

while their distribution depth near the crown is relatively shallow. Given that the tensile strength of rock is 

far lower than its compressive strength, the macroscopic failure of the rock mass is predominantly governed 

by tensile failure driven by tensile cracks. With increasing burial depth, the proportion of tensile cracks 

gradually rises, becoming the dominant factor in the failure of the surrounding rock. This explains why the 

surrounding rock is more prone to damage and failure under deep burial conditions. 

The lateral pressure coefficient significantly affects the crack distribution characteristics around the 

tunnel by altering the principal stress distribution in the surrounding rock. When the lateral pressure 

coefficient is less than 1, the maximum principal stress direction of the surrounding rock aligns with the 

vertical gravitational direction before excavation. During drill-and-blast expansion, as the supporting effect 

of the surrounding rock is removed, the stress distribution adjusts rapidly, leading to extensive tensile failure 

in the crown and invert regions. Conversely, when the lateral pressure coefficient exceeds 1, the initial stress 

field of the surrounding rock is dominated by horizontal stress. Under the same burial depth, the influence of 

horizontal stress becomes more pronounced, resulting in distinct crack distribution patterns. From a 

mechanistic perspective, when the lateral pressure coefficient is low, vertical stress dominates, and the rapid 

unloading of vertical stress during excavation makes the crown and invert more susceptible to tensile failure. 

However, as the lateral pressure coefficient increases, the influence of horizontal stress strengthens, reducing 

the tensile failure effects in the crown and invert while generating significant tensile stress concentration in 

the sidewalls. This stress redistribution induces a shift in the failure mode, with the failure of the crown and 

invert transitioning from tensile failure to compressive-shear failure, while tensile damage in the sidewalls 

intensifies and eventually evolves into the dominant failure mode. The lateral pressure coefficient has a 

significant impact on the failure mode of surrounding rock, with tensile failure in the sidewalls becoming 

particularly prominent under high lateral pressure coefficient conditions. 

 

5. Sensitivity analysis 

The burial depth of the tunnel and the lateral pressure coefficient are critical factors affecting the degree 

of damage to the surrounding rock during blasting-induced expansion. Variations in burial depth modify the 

in-situ stress field acting on the surrounding rock, influencing the magnitude and distribution of stress 

concentration zones. These changes play a key role in determining the fracture mechanisms and pathways of 

damage evolution in the rock mass [28]. Similarly, the lateral pressure coefficient influences the stress 

distribution around the tunnel, thereby affecting the distribution pattern and propagation paths of micro-

cracks in the surrounding rock during blasting expansion. This adjustment impacts the redistribution of stress 
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and the resulting concentration effects, which in turn govern the fracture behavior and damage progression of 

the surrounding rock. By performing a sensitivity analysis on different burial depths and lateral pressure 

coefficient, a quantitative understanding of the primary factors influencing rock damage can be achieved, 

offering insights into the underlying mechanisms and patterns of their effects [29, 30]. 

The relationship between tunnel burial depth, lateral pressure coefficient, and surrounding rock damage 

degree was fitted to corresponding functions. The fitting results are presented in Fig. 21. As shown in Fig. 21 

a), the relationship between tunnel burial depth and surrounding rock damage degree can be described by 

equation (12), with a fitting coefficient of determination R2 of 0.9480, indicating a strong fit. Fig. 21 b) 

illustrates the relationship between lateral pressure coefficient and surrounding rock damage degree. The 

relationship follows a quadratic function described by equation (13), with an R2 value of 0.9933, 

demonstrating a good fitting performance. 
 

 0.6613

e
D 0.0177 D           (12) 

  

 
2

p p
D 0.4572 L 0.666 L 1.1326            (13) 

 

where, D is the degree of surrounding rock damage, De is the tunnel burial depth, Lp is the lateral pressure 

coefficient. 

The fitting results indicate that the relationship between tunnel burial depth De and the degree of 

surrounding rock damage D follows a power function growth pattern. As the burial depth increases, the degree 

of surrounding rock damage increases rapidly, demonstrating high sensitivity to burial depth. In contrast, the 

relationship between the lateral pressure coefficient and the surrounding rock damage exhibits a distinct quasi-

symmetric pattern. As the lateral pressure coefficient increases, the damage level of the surrounding rock 

decreases initially and then increases. Based on the fitting results, influenced by the shape of the excavated 

tunnel, the minimum damage level occurs at a lateral pressure coefficient of approximately 0.73. 
 

 
Fig. 21. Fitting results for damage degree: a) Relationship between tunnel burial depth and damage level,  

b) Relationship between lateral pressure coefficient and damage level 
 

The nonlinear growth trend observed in the relationship between burial depth, lateral pressure 

coefficient, and surrounding rock damage indicates that the degree of rock damage increases significantly 

with the rise in both burial depth and lateral pressure coefficient. To further validate the contribution of these 

two influencing factors to the degree of surrounding rock damage, a significance test is conducted to confirm 

the statistical significance of their impacts. 

To establish a multivariate nonlinear regression model between burial depth (De), lateral pressure 

coefficient (Lp), and the surrounding rock damage degree (D), the general expression can be formulated as 

follows: 
 

 1a 2

1 e 2 p 3 p
D b D b L b L ε               (14) 

 

where, b1, b2 and b represent the regression coefficients of the respective variables, a1 is the exponent of the 

power function, and  is the error term. 
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By substituting the original data into the above equation, the multivariate nonlinear regression equation 

describing the relationship between burial depth, lateral pressure coefficient, and surrounding rock damage 

degree can be obtained: 
 

 0.2095 2

e p p
D 0.9026D 0.0654L 0.2758L 1.7843         (15) 

 

The R2 value of 0.9619 for the above equation indicates that the model explains approximately 96.19% 

of the variation in the damage depth, demonstrating a reliable model fit. To quantify the relative contribution 

of the two factors to the surrounding rock damage degree, sensitivity analysis can be performed using equation 

(16). This analysis determines the normalized contribution rates, which quantify the relative influence of tunnel 

burial depth and pilot tunnel diameter on the degree of surrounding rock damage. The closer the normalized 

contribution rate of a variable is to 1, the greater its contribution to the damage degree of surrounding rock 

during drill-and-blast expansion. 
 

 
 
 

max min

i i i

l max min

i i i

b X X
C

b X X

 

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        (16) 

 

where, bi represents the regression coefficient, while max

i
X and min

i
X denote the maximum and minimum 

values of the variable Xi, respectively. 

The calculation results indicate that the relative contribution of tunnel burial depth to the degree of 

surrounding rock damage is 61.2%, while the lateral pressure coefficient contributes 38.8%. This demonstrates 

that, compared to the lateral pressure coefficient, tunnel burial depth has a greater influence on surrounding 

rock damage, serving as the primary factor. However, the lateral pressure coefficient also accounts for a 

significant relative contribution of 38.8%, approaching 40%. This underscores the importance of considering 

tectonic stress, represented by the lateral pressure coefficient, as a critical factor in the design of tunnel 

excavation in engineering projects. 

 

6. Conclusions 

This study employs the UDEC distinct element method, combined with field-measured data, to analyze 

the damage characteristics of the surrounding rock during the drill-and-blast expansion process of TBM pilot 

tunnels. The damage depth of the surrounding rock was measured using the single-hole ultrasonic method, and 

preliminary conditions for excavation advancement, highlighting the construction time advantage of the 

“Small-Diameter TBM Pilot Tunnel + Drill-and-Blast Expansion” method, were proposed. The effects of 

different stress levels and pilot tunnel sizes on the morphology and distribution of micro-cracks in the 

surrounding rock were examined. Finally, the relative contributions of tunnel burial depth and lateral pressure 

coefficient to the damage of surrounding rock during drill-and-blast expansion were investigated. The main 

conclusions are presented as follows: 

(1) The full-face drill-and-blast method is limited by the effects of cut blasting and single-free-face 

confinement, resulting in an excavation advancement of typically 3–3.5m. In contrast, the “Small-Diameter 

TBM Pilot Tunnel + Drill-and-Blast Expansion” method effectively increases free faces for blasting through 

the pre-excavation of the TBM pilot tunnel, reducing the adverse impact of confinement and providing 

favorable conditions for improving excavation advancement. However, the pre-excavation process increases 

construction complexity, which may have a negative impact on the project schedule. The excavation 

advancement of the drill-and-blast expansion is significantly influenced by the ratio of excavation 

advancements between the full-face drill-and-blast method and the TBM method. A lower ratio results in 

reduced excavation advancement requirements, while a ratio approaching 1 leads to a substantial increase in 

excavation advancement. When the excavation advancements of the TBM and drill-and-blast expansion 

methods are equal and both are double that of the full-face drill-and-blast method, the time-saving advantage 

of the “Small-Diameter TBM Pilot Tunnel + Drill-and-Blast Expansion” method is fully realized, with lower 

construction requirements. 

(2) The degree of surrounding rock damage demonstrates a positive power-law correlation with tunnel 

burial depth. As burial depth increases, the damage depth and crack density of the surrounding rock during 

drill-and-blast expansion rise significantly. Under varying burial depths, shear cracks dominate the damage 

mechanism within a certain range from the excavation surface, influenced by stress field adjustments 

induced by pilot tunnel excavation and subsequent expansion. However, increased burial depth intensifies 

transient unloading effects and secondary stress adjustments during blasting, leading to a significant increase 
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in the proportion of tensile cracks. This effect becomes particularly pronounced under deep burial conditions 

exceeding 450m, where tensile cracks rapidly penetrate and form failure zones near the sidewalls and invert, 

with tensile failure effects being most prominent at depths of 900m and 1350m. Moreover, the “Small- 

Diameter TBM Pilot Tunnel + Drill-and-Blast Expansion” method reduces surrounding rock damage by 

approximately 10% under shallow burial conditions compared to the full-face drill-and-blast method. 

However, this mitigation effect weakens with increasing burial depth. 

(3) The influence of the lateral pressure coefficient on surrounding rock damage exhibits a trend of 

initially decreasing and then increasing. When the lateral pressure coefficient is less than 1, the maximum 

principal stress direction aligns with the gravitational direction, making the crown and invert more susceptible 

to tensile failure during drill-and-blast expansion. As the lateral pressure coefficient increases, the influence 

of horizontal stress becomes more pronounced, reducing tensile failure effects at the crown and invert while 

inducing significant tensile stress concentration in the sidewall regions. This results in the formation of 

through-going tensile cracks in the sidewalls and portions of the invert, eventually evolving into macroscopic 

tensile failure. Under high lateral pressure coefficient conditions, tensile failure effects in the sidewalls become 

particularly prominent. 

Regression analysis and normalized contribution rate calculations indicate that the relative contribution 

of tunnel burial depth to surrounding rock damage is 61.2%, which is higher than the contribution of the 

lateral pressure coefficient at 38.8%. This suggests that surrounding rock damage is more sensitive to tunnel 

burial depth. However, it is noteworthy that under high lateral pressure coefficient conditions (Lp ≥ 2), 

significant tensile failure zones still occur on both sides of the sidewalls even at a burial depth of 450m 

(moderate depth). This highlights that the influence of the lateral pressure coefficient on surrounding rock 

damage cannot be overlooked, even in shallow tunnels (De < 450m). 

This study provides a preliminary analysis of the impact of the stress environment during tunnel 

excavation on surrounding rock damage and proposes initial excavation advancement conditions to leverage 

the time-saving advantages of the “Small-Diameter TBM Pilot Tunnel + Drill-and-Blast Expansion” method. 

However, it is important to note that the excavation cost of TBM is significantly higher than that of the drill- 

and-blast method, and this cost increases substantially with the diameter of the TBM pilot tunnel. This 

presents a challenge for the broader application of the “Small-Diameter TBM Pilot Tunnel + Drill-and-Blast 

Expansion” method. Additionally, the secondary stress field induced by the pilot tunnel size effect 

results in a stress environment during drill-and-blast expansion that differs significantly from that of the 

full-face drill-and-blast method. Future research will focus on addressing these issues in greater depth. 
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